We generate carrier-envelope phase controlled attosecond continua up to 0.53 keV and corroborate the generation of reproducible and isolated attosecond SXR and water window pulses with duration of 280 as and 322 as, respectively.
Introduction
Investigation of fastest material excitations and charge dynamics demands element specificity in combination with attosecond temporal resolution. So far, the temporal profile and phase of isolated attosecond pulses have been characterized in the spectral region up to 160 eV. Such pulses have been generated with Ti: Sapphire lasers. The soft X-ray (SXR) region, above 200 eV covers several fundamental absorption edges of materials and its water window, between 284 eV and 534 eV, contains the biologically relevant absorption edges of carbon, nitrogen and oxygen. Isolated pulses with their broad bandwidth would not only access such absorption edges, they could even cover several edges at once and thereby permit discrimination of excitation amongst several species within a material. Several challenges had to be overcome to attain this goal, both on the source side and for SXR metrology. In this contribution, we address these challenges. Firstly, we obtain fully reproducible and high photon yield for carrier-envelope phase (CEP) controlled and phase-matched 0.53 keV attosecond continua. Secondly, we confirm the emission of isolated SXR pulses through a range of streaking measurements at various photon energies up into the water window.
Experimental Results
To generate attosecond pulses with photon energy much higher than that achieved with the 800 nm Ti: Sapphire lasers, the experiments are driven by CEP stable sub-2-cycle pulses at 1.8 µm at 1 kHz repetition rate [1, 2] , to take advantage of the wavelength scaling of the cutoff in high harmonic generation. Complementary measurements were conducted both at iFAST and at ICFO. To achieve isolated attosecond emission, the ICFO system features a hollow fiber compressor which directly delivers pulses with minimal duration of 1.8 optical cycles, and the iFAST system employs polarization gating. At ICFO, SXR continua (Fig. 1a , linear color scale) were generated in 6 bar of He, reaching the oxygen K-edge at 0.53 keV and supporting a transform-limited attosecond pulse with duration of 12 as. As expected, the spectral shape and position of the SXR continuum is strongly dependent on the CEP value [3] [4] [5] of the 1.8 cycle pulse which was focused to a peak intensity of 0.5 PW/cm 2 . The yield in photons/s in 10% bandwidth is shown in Fig. 1b for the generation in He and also for Ne at 3.5 bar. We find a near plateau like behavior for both conditions up to the respective cutoffs. Corresponding photon fluxes of the source at the carbon K-edge at 284 eV are (2.8 ± 0.1)x10 7 photons/s/10% bandwidth (BW) in Ne and (1.8 ± 0.1)x10 6 photons/s/10% BW in He. We have recently investigated the conditions for high pressure phase matching and shown that generation of an isolated and short attosecond SXR pulses is favored [6, 7] . Hence, the water window continuum generated in Ne was characterized with photoelectron streaking. At ICFO, we employed Kr due to its favorable cross section for photoionization with water window radiation. Using a combination of 100 nm C and 100 nm Cr filters, we checked that photons with energies below 150 eV do not contribute to the electron spectrum. We identify emission from the Kr 3d state which has a binding energy of 94 eV. Due to the extreme bandwidth and the spectral excursion, we ran numerous FROG CRAB retrievals. Based on these measurements we directly confirm the generation of an isolated water window SXR pulse at 300 eV, and we place an upper limit of 322 as to its duration.
At iFAST, isolated attosecond pulses in the water window were produced in neon gas by the polarization gating [8] . The gating is more effective for 1.8 µm lasers, compared with 800 nm, since the ellipticity dependence becomes stronger as the driving laser wavelength increases. In the experiments, the gate width was set to less than half of laser cycle to assure only one electron recollision occurs. The generation gas target was located after the laser focus for phase matching the radiation from the short trajectories, which results in x-ray supercontinua extending to the water window and the x-ray intensity can be controlled by the CEP of the 1.8 µm laser. A 100 nm Sn filter blocked the driving field and partially compensated the attochirp above 100 eV photon energy. Characterization of pulses in the SXR range was achieved through photoelectron streaking in Ne. The streaking trace shown Fig. 1(c) is recorded by a home built magnet-bottle electron time-of-flight spectrometer. Although the absorption cross section of the neon detection atom is small, the signal strength is excellent. The attosecond pulses were retrieved using phase retrieval by omega oscillation filter (PROOF) technique [9] . The visible asymmetry in (c) is characteristic of attochirp of the single attosecond pulse, which is quantified by the temporal phase shown in (d). The retrieved attosecond pulse duration is 280 as with significant positive chirp as expected for the attosecond emission from the short trajectories, which could be further compensated by adding more Sn filters that have negative group delay dispersion in the 100 to 300 eV and optimizing the X-ray spectrum shape in this particular photon energy range.
Conclusions and Outlook
In conclusion, we achieved CEP controlled and phase-matched attosecond continua up to 0.53 keV from He and we utilized photoelectron streaking to corroborate isolated attosecond pulse generation in the SXR and into the water window. 
